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Abstract 
Fatigue cracks in titanium alloys are often found to initiate at faceted alpha grains. In the 
very high cycle fatigue regime, crack initiation tends to shift from the surface towards the 
interior of the material, and more initiation facets can be found on the fracture surface. In 
this study, fatigue tests were performed on drawn and heat-treated Ti-6Al-4V wires. Only 
a few samples fractured due to interior initiation. The facets at the initiation sites of these 
samples were not flat, but had markings on the nano-scale, and were highly inclined. A 
possible explanation for these aspects is the crystallographic texture of the wire, and a 
reflection is made on the suggested mechanisms of facet formation. 
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1. Introduction 
Titanium alloys, and Ti-6Al-4V in particular, are frequently used for structural 
components, for instance in the aerospace industry, because of their good strength-to-
weight ratio, fatigue properties and corrosion resistance. However, because these alloys 
are often the choice for rotating components, which undergo cyclic loading, fatigue is still 
the main life-limiting factor.1 In order to optimize the fatigue performance of titanium 
alloys, it is necessary to have a clear understanding of the mechanisms that are involved 
in very high cycle fatigue cracking. More specifically, the crack initiation behaviour has to 
be clarified, because the initiation phase takes up most of the fatigue lifetime,2-4 even up 
to 99% in the very high cycle fatigue regime (>107 cycles).5  
The fatigue behaviour in this regime has become a topic of great interest because of the 
technological implications. The fatigue limit, which is often implemented as an important 
design parameter, cannot be used for metals subjected to low cyclic stresses, since 
different crack initiation and growth mechanisms become active below the threshold 
stress intensity factor range ΔKth, and failure can still occur after a large amount of 
cycles.6 In the very high cycle fatigue regime, it has been found that the location of crack 
initiation tends to shift from the surface towards the subsurface and interior of the 
material.3, 5, 7-20 This shift is coupled with a knee or sudden drop in the S-N curve around 
107-108 cycles, which means that the fatigue strength becomes much lower at these 
long lifetimes.13, 14, 21 Similar behaviour is found in certain high-strength steels and nickel 
alloys.5, 22 Several factors have an influence on the internal initiation and crack growth 
behaviour of Ti-6Al-4V subjected to fatigue. A mean tensile stress facilitates internal 
crack initiation8, 14, 16 and generally leads to lower fatigue strength.9, 23, 24 Testing at 
cryogenic temperatures also causes a lower fatigue strength25 and a higher probability 
of internal crack initiation.20  
Internal or subsurface cracks in titanium alloys, as a result of low stress cyclic loading, 
are found to initiate at facetted features, which can be seen on the fracture surface after 
failure. These facets are in fact fractured α grains, which have broken in a very planar 
manner.3, 7, 8, 10, 11, 13, 14, 17, 20, 25 The observations of facets in literature tend to be different 
regarding their spatial and crystallographic orientation with respect to the loading axis, 
and regarding the presence or absence of marks on their surface. As a result, there is 
some discussion about their formation mechanism. Some authors conclude that a facet 
is the result of cleavage of an α grain, which occurs because dislocations in the 
neighbouring grains pile up at the grain boundary. This causes a local high stress, and if 
the α grain in question is oriented in such a way that no slip systems can be activated, it 
can fracture due to cleavage.3, 10, 13, 26 On the other hand, several publications report that 
dislocation slip occurs in the α grain and leads to a facet under certain conditions.7, 11, 14, 
21, 23, 25, 27-31 Even twinning has been suggested to be at the basis of facet formation.8 It 
is also important to take into account the fact that the environment for an internal crack 
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will be different compared to a surface crack. If a crack initiates internally, the 
environment may be assumed to be almost vacuum.2 Some authors suggest that the 
threshold stress intensity factor range in vacuum is smaller than that in air when 
considering microstructurally short cracks, which could explain the growth of internal 
cracks from defects smaller than the critical defect size as measured in air.11 Others, 
however, suspect that a local cyclic erosion process can take place due to the lack of 
oxygen in an interior crack, which overtime reduces the crack closure level and under 
certain conditions leads to crack growth.17 Fractographical studies of Ti-6Al-4V 
subjected to fatigue testing in vacuum do reveal facetted features in the crack growth 
region, which further supports the notion that the crack growth mechanism is influenced 
by the lack of internal environment.32, 33 
In most cases, the facets on the fracture surfaces appear to be completely flat and do 
not show any markings or traces.3, 7, 8, 10, 11, 13, 17, 20, 25 However, a few publications 
mention the presence of a radial pattern within one facet,4, 14, 26 and slip-like patterns 
have been noticed on facets in a Ti-22V-4Al alloy.28 Furthermore, fatigue testing using a 
spike loaded spectrum can lead to markings on facets.21  
Since all of the current research on facets in internal fatigue crack initiation is limited to 
testing on forged plates or rods, the main objective of this study is to investigate this 
phenomenon in drawn Ti-6Al-4V wire. Because of the different production method, the 
microstructure and crystallographic texture of these wires is different compared to forged 
products. Therefore, fatigue testing of these wires can lead to new insights in the internal 
crack formation mechanism, which can be used to critically reflect on the varying 
suggestions in literature.  
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2. Experimental methods 
The Ti-6Al-4V (ASTM B863, grade 5) wire used in this study has a diameter of 1 mm, 
and was supplied in a coil. Table 1 shows the composition as determined by the 
manufacturer.  
Table 1: Chemical composition of the wire, as determined by the manufacturer (wt-%) 
Al V Fe C N H O Others Ti 
6.1 4.1 ≤0.10 ≤0.01 ≤0.01 ≤0.01 ≤0.009 ≤0.2 bal 
  
The material was heat treated in vacuum (<1x10-3 Pa) at 1193K for 10 hours followed by 
furnace cooling. The wire was then cut in samples of approximately 11 cm, and 
straightened by applying a deformation of 1% plastic strain. Next, the wires were 
subjected to a stress relief treatment in vacuum (<1x10-3 Pa) at 873K for 1 hour followed 
by furnace cooling. The resultant microstructure is primarily equiaxed α phase (hcp) with 
partially transformed β (bcc) at the grain boundaries, as can be seen in the 
backscattered electron image of the cross-section and longitudinal section of the wire 
(Figure 1). The average α grain size is approximately 5 µm, as calculated from an EBSD 
measurement. 
 
Figure 1: Backscattered electron images of the Ti-6Al-4V wire; a cross-section; b longitudinal 
section 
Prior to fatigue testing, the wires were electropolished in order to reduce the probability 
of surface initiation from defects at the surface or surface irregularities. The wires were 
electrochemically polished for 10 minutes in an electrolyte containing 55 vol.-% 
CH3COOH, 30 vol.-% H2SO4 and 15 vol.-% HF (48% pure) with a current density of 1.2 
mA mm-2. Further details of this electrochemical polishing treatment are reported by 
Pyka et al.34 The wires were then cut to approximately 9 cm and glued with two grooved 
plates on each side, using Araldite Rapid epoxy adhesive. The grooved plates, 
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schematically shown in Figure 2, have a length L of 20 mm, width W of 15 mm and a 
thickness of 1 mm. The groove has a width of 1 mm and a depth of 0.5 mm. 
Consequently, after electrochemical polishing and clamping, the samples had a 
diameter of approximately 0.95 mm, and a free gauge length of approximately 50 mm, 
but prior to testing both values were more accurately measured for each individual 
sample with a digital calliper. Afterwards, the wire along the gauge length was coated 
with Sicomet 85 cyanoacrylate glue, in order to protect the wire surface from the 
environment. 
 
Figure 2: Drawing of a grooved plate used for clamping the wire during fatigue testing (L=20mm, 
W=15mm, t=1mm) 
Load controlled fatigue testing was performed on an Instron ElectroPuls E3000 
instrument, at a load ratio of 0.1 and frequency of 60 Hz (sine wave). The maximum 
stress level was 750 MPa, which is approximately 90% of the yield stress (σy,0.2%=828 
MPa). This relatively high stress level was chosen in order to limit the testing time. 
Microstructure imaging and fractographic examinations were performed using a FEI 
Nova NanoSEM 450. Quantitative tilt fractography, used for measuring facet angles, 
was done by taking two images of the same area, one with minus ten degrees tilt and 
one with ten degrees tilt around the horizontal axis, and processing them with Alicona 
MeX software.  
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3. Results and discussion 
Figure 3 shows the fatigue life as a function of maximum applied stress for all samples 
that failed within the gauge section. Samples that failed inside the clamps have been 
omitted from this graph. Although the maximum stress is the same for all samples, it is 
clear that there is a rather large variability in the fatigue life. This spread of almost two 
orders of magnitude is not uncommon for the Ti-6Al-4V alloy7, 8, 11, 35 and in this case can 
be explained by the fact that the applied stress level is chosen to be close to the 
transition point from surface to interior initiation, the so-called “knee” in the S-N curve.13, 
14, 21 In fact, three samples have failed as a result of internal crack development, marked 
as samples A, B and C in Figure 3. It should be noted that there is no well-defined 
transition from surface to internal initiation in terms of fatigue life. There are two samples 
with surface-initiated failure, for example sample ‘s’, with a higher fatigue life than 
sample A. 
 
Figure 3: Fatigue life variability of Ti-6Al-4V, showing samples with surface and internal initiation 
SEM fractographs of the fracture surfaces of four samples at a low magnification are 
shown in Figure 4. A typical example of a surface-initiated failure can be seen in Figure 
4a (sample s), whilst Figure 4b and Figure 4c show two samples that failed due to 
subsurface-initiated cracks (samples A and C, respectively). The fractograph in Figure 
4d shows sample B, which failed due to internal crack initiation, forming a so-called ‘fish-
eye’ fracture surface, which has a rough central crack initiation area, surrounded by a 
circular internal crack growth area. It should be noted that the fatigue life of the 
subsurface-initiated sample C in Figure 4c, 9.6x107 cycles, is higher than the fatigue life 
of sample B with the fish-eye failure in Figure 4d, 5.7x107 cycles, even though the latter 
has a crack initiation location which lies further away from the sample surface. This is in 
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accordance with the findings of Yokoyama et al.,20 who concluded that the fatigue life 
does not correlate with the location of the internal crack initiation site. 
 
Figure 4: SEM fractographs at 300x magnification of four samples, white circles indicate the 
initiation area; a 3.4x107 cycles to failure (sample s); b 2.6x107 cycles to failure (sample A); c 
9.6x107 cycles to failure (sample C); d 5.7x107 cycles to failure (sample B)  
The samples in Figure 4b (A, subsurface initiation) and Figure 4d (B, fish-eye) are 
selected for a more detailed fractographic analysis. For both samples, the initiation area 
is found to contain many facets, as is shown in Figure 5. Both fracture surfaces have 
approximately 50 individual facets each. At higher magnification, it becomes clear that 
the facets on the fracture surfaces are not smooth, but instead display markings or some 
roughness on the nano-scale. As stated in the introduction, only a few publications 
mention the presence of markings on the facets, either in the form of a radial pattern4, 14, 
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26, or as a slip-like pattern in a Ti-22V-4Al alloy.28 In this case, the markings are not 
radial, but instead are more linear, which suggests that they could be slip traces.  
 
Figure 5: SEM fractographs at 2000x and 20 000x magnification of two selected samples; a 2.6x107 
cycles to failure (sample A, subsurface); b 5.7x107 cycles to failure (sample B, fish-eye) 
However, some of the nano-roughness features deviate from the linear pattern, as can 
be seen for example in Figure 6. The two images in this figure are taken from both 
opposite fracture surfaces of sample B, at the same location. The white ellipse indicates 
a non-linear marking on a facet. Interestingly, on one fracture surface it appears that the 
pattern consists of material on top of the facet (Figure 6 left), whilst on the opposing 
fracture surface the same pattern appears to be pressed into the facet (Figure 6 right), 
which suggests that some material was transferred between the two opposing crack 
surfaces. The appearance of these markings and the apparent material transfer between 
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both sides of the fracture surface draws similarities with galling and cold welding 
patterns seen in adhesive wear. The presence of a wear mechanism during internal 
fatigue crack initiation and growth in Ti-6Al-4V has already been suggested by McEvily 
et al.,17 who stated that the lack of oxygen in an internal crack can allow a local erosion 
process to take place, which slowly reduces the crack closure level until the arrested 
crack is able to propagate further. However, the only evidence of their mechanism were 
the rounded fractographic features surrounding the facets (see Figure 7), which can also 
be seen in this work (Figure 5 and Figure 6). The markings on facets in this work are 
additional signs that there could indeed be a wear mechanism involved in internal crack 
initiation in Ti-6Al-4V.  
 
Figure 6: SEM fractographs of sample B (5.7x107 cycles to failure), taken at the same location on 
both opposite fracture surfaces (left and right) 
 
Figure 7: Rounded fractographic features on the fracture surface of a subsurface-initiated Ti-6Al-
4V sample36 
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The explanation of the presence of markings on facets in these experiments, and the 
absence of these markings in similar publications,3, 7, 8, 10, 11, 17, 20 can be sought in the 
crystallographic texture of the alpha phase, which is different for the wire-drawn samples 
in this study compared to the forged rods used in other studies. It has been reported that 
facets are parallel to certain crystallographic planes, in most cases the basal plane7, 12, 
27, 32, 37, 38 or the prismatic plane,7, 27 which means that the spatial angles of the facet 
planes are linked to the texture. The alpha phase texture of the wire used in this study is 
shown in Figure 8. It can be seen that there is a high tendency for grains to be oriented 
with the normal direction of the {101̅0} planes parallel to the wire axis, as well as a 
tendency for grains to be oriented with the normal direction of the {101̅0} planes rotated 
approximately 60° from the wire axis. The spatial angle distribution of the facets on the 
fracture surfaces of the selected fish-eye (B) and subsurface (A) sample is shown in 
Figure 9. It is noted that this distribution is very similar for both samples, which further 
insinuates that the facet formation mechanism is related to the crystallographic texture. 
The spatial angles of facets in these samples deviate from the facet angles found in 
similar publications. Jha et al.7 reported that the majority of facet angles for a fish-eye 
sample were between 30° and 60°, while Bantounas et al.38 found that the angles of 
initiation facets for a subsurface-initiated sample were between 15° and 40°. These 
angles are considerably smaller than those found in this work.  
 
Figure 8:  {𝟏𝟎?̅?𝟎} pole figure of alpha phase, obtained from an EBSD measurement on sample 
cross-section, wire axis is perpendicular to the paper 
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Figure 9: Distribution of spatial angle of facets (between facet plane and normal direction) for both 
sample A (subsurface, 2.6x107 cycles to failure) and sample B (fish-eye, 5.7x107 cycles to failure)  
If the markings on the facets are indeed the result of a local internal wear process, as 
suggested by McEvily et al.,17 then it is clear that the facet angle is an important 
parameter in this process. Given the fact that the fatigue tests are performed in tension-
tension (load ratio of 0.1), a certain amount of crack closure is also required if there is to 
be contact between two opposing crack surfaces. It is plausible that the specific 
crystallographic texture of the Ti-6Al-4V wire used in this work has caused the facets to 
be more inclined with respect to the loading direction, which in turn has resulted in the 
presence of wear markings on the facets. On the other hand, some of the markings on 
the facets could simply be slip traces. If it is assumed that the facets are parallel to a 
certain crystallographic plane, Figure 10 illustrates that in this case it is most likely to be 
the prismatic plane. This figure shows the orientation of the hexagonal lattice which 
represents the two most prominent texture features, being the normal direction of the 
{101̅0} planes parallel to the wire axis, and the normal direction of the {101̅0} planes 
rotated approximately 60° from the wire axis (see Figure 8). Combined with the fact that 
most facets lie at an angle of approximately 60° to the normal direction (see Figure 9), it 
is plausible that they were formed on one of the prismatic planes oriented with the 
normal direction rotated 60° from the wire axis (see Figure 10, planes 2, 3, 5 and 6). It is 
interesting to note that in this case no facets have formed on the prismatic planes 
numbered 1 and 4 in Figure 10, since these would have had an angle of approximately 
0° with respect to the normal direction and such angles have not been measured (see 
Figure 9). Bridier et al.27 also suggested that the mechanism of prismatic crack formation 
involves slip band formation, while crack formation on the basal plane involves cleavage 
due to the fact that slip is restricted on this plane. This could explain the fact that the 
facets in this work show markings, while the basal facets in similar studies do not. In 
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order to verify whether the facet planes are indeed parallel to a prismatic plane, 
FIB/EBSD experiments are currently being performed on the selected samples. The 
results of these experiments will also indicate whether at least some of the markings on 
the facets are slip traces, since these should correspond to certain slip systems.  
 
Figure 10: Representation of crystal orientation present in the texture of the wire, and the six 
prismatic planes of the hexagonal lattice 
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4. Conclusions 
Fatigue tests were performed on drawn, heat-treated and electropolished Ti-6Al-4V 
wires in order to investigate the role of alpha facets on the fracture surface in the case of 
internal fatigue crack initiation. Fractographic inspection revealed that three samples 
failed due to internal crack initiation: two subsurface-initiated cracks, and one ‘fish-eye’ 
crack. The initiation area of all three samples contained a large amount of facets. These 
facets were not smooth, but contained markings or roughness on the nano-scale. Two 
possible explanations are given for the presence of these markings: a local internal wear 
process and traces of slip. The crystallographic texture of the material and the spatial 
distribution of the facet angles were measured. The facets lie at a relatively high angle 
with respect to the normal direction, mostly between 50° and 70°. The facet planes are 
most likely parallel to prismatic lattice planes. FIB/EBSD experiments are ongoing in 
order to measure the crystallographic orientation of the facets and to verify whether the 
markings on the facets can be slip traces. 
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